In this paper, we aim to design an adaptive power allocation scheme to minimize the average transmit power of a hybrid automatic repeat request with chase combining (HARQ-CC) enabled nonorthogonal multiple access (NOMA) system under strict outage constraints of users. Specifically, we assume the base station only knows the statistical channel state information of the users. We first focus on the two-user cases. To evaluate the performance of the two-user HARQ-CC enabled NOMA systems, we first analyze the outage probability of each user. Then, an average power minimization problem is formulated. However, the attained expressions of the outage probabilities are nonconvex, and thus make the problem difficult to solve. Thus, we first conservatively approximate it by a tractable one and then use a successive convex approximation based algorithm to handle the relaxed problem iteratively. For more practical applications, we also investigate the HARQ-CC enabled transmissions in multi-user scenarios.
I. INTRODUCTION
In wireless communication systems, due to the randomness of the wireless channels, deep fading may occur from time to time, which would bring deteriorating effects on the communication reliability. To combat this, the hybrid automatic repeat request (HARQ), a powerful time diversity technique, has been incorporated into practical wireless communication systems, such as WiMAX and LTE [2] , to improve the communication reliability. Moreover, the HARQ technique is also viewed as an important tool to guarantee the communication reliability of the mission critical service in 5G and its beyond [3] . Generally, the HARQ techniques can be implemented by two basic schemes, i.e., the HARQ with chase combining (HARQ-CC) and HARQ with incremental redundancy (HARQ-IR). In the HARQ-CC scheme [4] , the packets delivered in different retransmission rounds are exactly the same and the receiver uses the maximum-ratio combining (MRC) to decode the packet; while in the HARQ-IR scheme [5] , additional parity bits are sent to the receiver during each retransmission round and the receiver uses code combining to decode the packet. These two HARQ schemes have been widely used in the system design to against the channel uncertainty, e.g., [6] [7] [8] [9] [10] . In particular, [6] considered the power allocation problem with the assumption that only the statistical channel state information (CSI) of the user is available at the base station (BS), and the channel follows the Rayleigh fading and keeps invariant during retransmission rounds. Then [7] extended the work of [6] to the case that the channels in different retransmission rounds are with independent and identically distribution.
However, due to the challenge to analysis the performance of HARQ enabled transmissions, most existing works focus only on the point-to-point systems.
NOMA systems in [16] [17] [18] [19] [20] [21] . Specifically, a partial HARQ-CC scheme was proposed in [16] to solve the problems in the cases that the users have different quality of service (QoS) requirements. [17] investigated the impact of transmit power allocation on the performance of a two-user NOMA system with opportunistic HARQ. [18] considered the rate selection problem under the HARQ-IR strategy to minimize the retransmission rounds. [19] [20] [21] analyzed the outage performance of the HARQ-CC enabled NOMA systems. However, the former works didn't treat the outage performance of users well and the multi-user cases are not considered.
In this paper, we consider the adaptive power allocation problem in a HARQ-CC aided NOMA system to minimize the average transmit power under outage constraints of users. Here the HARQ-CC strategy is adopted in our system mainly due to its low complexity. Firstly, we focus on the two-user case. Different from [18] , where the outage probabilities of the two users were approximated based on the large deviation theory, we tightly approximate the signal-to-interference-plus-noise-ratio (SINR) outage probabilities of users, and the tightness can be guaranteed even in the case with a few retransmission rounds. This enables our results applicable to the use cases of 5G and its beyond that are specified by low latency requirements [22, 23] . Then adaptive power allocation is investigated to minimize the total average transmit power under the constraints of the outage probability. However, the derived outage probabilities bring great challenges to the optimal system design. Then by leveraging the successive convex approximation method, the problem is well treated. In view of the multi-user scenario of most practical applications, we further study the joint user paring and power allocation problem, which is a mixed integer programming problem and thus more challenging than the one of the two-user case. The contributions of this paper are summarized as follows.
• By defining the SINR outage probability of the HARQ-CC enabled NOMA system, we formulate the total average transmit power minimization problem of the two-user case.
Then by carefully deriving the outage probability, we reformulated optimization problem into an explicit one. Moreover, the derived outage probability show good tightness even in the case with low signal-to noise-ratio (SNR) and small number of retransmissions. Also, based on the derived outage probabilities, the asymptotic performance of SINR outage probability is investigated. Then by properly approximating the outage probabilities, we propose a successive approximation based algorithm to iteratively solve the problem. And the proposed algorithm can be guaranteed to converge to at least a stationary point of the problem. Simulation results show that the proposed approximation approach and successive approximation based algorithm can achieve the near-optimality performance. The proposed adaptive power allocation scheme can significantly outperform the equal power allocation scheme.
• The average power minimization problem of joint user paring and power allocation in the multi-user cases is formulated. With the aid of matching theory, a low computational complexity algorithm is proposed to solve the user-paring problem first. The matching theory based algorithm is proved to converge in several iterations and the complexity is drastically decreased compared with the optimal exhaustive search method. Then we show that the power allocation problem can be well solved by the successive approximation based algorithm proposed for the two-user case. Simulation results show that the matching algorithm can achieve good performance compared with the optimal one by the exhaustive search.
Synopsis: Section II presents the adaptive power allocation design in a two-user case. In Section II-B, the outage probabilities of users are analyzed and the asymptotic performance is investigated; a successive approximation based algorithm is proposed in Section II-C to solve the adaptive power allocation problems. Section III considers the joint user paring and power allocation problems in a multi-user case. The simulation results and conclusions are given by Section IV and Section V, respectively.
II. ADAPTIVE POWER ALLOCATION FOR TWO-USER CASE

A. System Model and Problem Formulation
We first consider a downlink HARQ-CC-NOMA system in a two-user case. Then we will study the multi-user case in the next section and show how the insights obtained in the two-user case can be applied to solve the problems of multi-user case. In the considered two-user system, a single-antenna base station (BS) serves two single-antenna users, as shown in Fig. 1 . Here, we assume that the BS only knows the statistical channel knowledge, i.e., the distances of users to the BS and the distribution of small-scale fading. This assumption is practical for mission critical service or other real-time applications as less CSI feedback is needed. The users are ordered based on their average channel gain. Without loss of generality, we assume that user 1 is a "weak user" that is located far from the BS and user 2 is a "strong user" which is close to the BS. Due to the limited CSI at the BS, the communication reliability will be degraded. Therefore, the HARQ-CC is applied in our system, and the number of transmission rounds is limited to T to guarantee the latency requirement.
Under the HARQ-CC protocol, the BS keeps transmit the same packet, and the users combine the received signals during different ARQ rounds with MRC. If a user can successfully decode its information, then an acknowledgement (ACK) signal will be sent to the BS, where we assume the feedback channel is error-free. Otherwise, the user will return a negative acknowledgement (NACK) signal. If the BS receives a NACK, then retransmission should be carried out until the maximum number of retransmissions is reached. As a result, the packets will be successfully delivered or dropped after T transmission rounds. Further, we define that the transmission is successful if and only if both users return ACKs.
At the transmitter, the packets of user k are independently encoded with target SNR γ k , for k = 1, 2. At the t-th HARQ-CC round, the BS combines the information of the two users by using the superposition coding strategy as s t = √ p 1,t s 1,t + √ p 2,t s 2,t where s k,t is the unit-power symbol and p k,t is the transmit power, for k = 1, 2. The received signal at user k during the t-th HARQ-CC round is given by
whereh k,t ∼ CN (0, 1) models the small-scale Rayleigh fading of user k during the t-th HARQ-CC round where CN (·, ·) denote the complex Gaussian distribution, d k is the distance of user k to the BS, α is the path loss component, and n k,t ∼ CN (0, σ 2 k ) is the additive white Gaussian noise (AWGN) at user k.
According to the NOMA principle, user 2 performs SIC to first remove the interference from user 1 and then decodes its own information. So the SINR and SNR for decoding x 1 and x 2 at the t-th round at user 2 are respectively given by
where h 2,t λ 2 denotes the normalized channel power gain from the BS to user 2 with h 2,t = |h 2,t | 2
. Meanwhile, for user 1, it decodes its own information directly by treating the signal for user 2 as noise, thus the SINR to decode x 1 at the t-th round at user 1 can be described as
where h 1,t = |h 1,t | 2 and λ 1 =
Here we define the outage event after t transmission rounds as that the combined SINR is smaller than the target SNR. Thus, up to the t-th HARQ-CC round, the users' outage probabilities can be respectively defined by
To guarantee the communication reliability requirements of both users, the outage probabilities after T transmission rounds should satisfy
where δ k is the maximum tolerable outage probability for user k. Recall that the transmission is successful if and only if both users can successfully decode their packets. Thus the retransmission probability at the t-th HARQ-CC round is determined by the outage probabilities of the two users in the (t − 1)-th HARQ-CC round. Specifically, the retransmission probability at the t-th HARQ-CC round is given bŷ
where P 1,0 = P 2,0 = 1.
Define the average transmit power at t-th HARQ-CC round as P avg,t (p 1,t + p 2,t )P t . Thus the total average transmit power of the system after T transmissions can be written as
We aim to minimize the total average power while guaranteeing the QoS requirements of the two users. Therefore, the outage-constrained HARQ-CC transmission design can be formulated as min p 1 ,p 2
where p 1 = [p 1,1 , ..., p 1,T ] T , p 2 = [p 2,1 , ..., p 2,T ] T , and P max is the maximum transmit power.
(8b) are the outage constraints. Note that the main challenge in solving problem (8) is due to the fact that the outage probabilities of users do not have closed-form expressions. Thus, in the next subsection, we first to explicitly characterize the two outage probabilities, P k,T , for k = 1, 2.
B. Outage Probability Analysis
Let's first focus on the outage probability of user 1 given in (4a).
1) Outage Probability of User 1:
The outage probability of user 1 is given in the following theorem.
Theorem 1 After T transmissions, the outage probability of user 1 is given by.
where a n = cos 2n−1 2N π and a k = cos 2k−1 2N π for n, k = 1, ..., N and N (e.g. N = 30) is a parameter for Gaussian-Chebyshev quadrature,
and w m is given by
Proof: The cumulative distribution function (CDF) of SINR x 1 1,t is given by
Note that
, with the fact that h 1,t follows the exponential distribution, we have
Then the probability density function (PDF) of SINR x 1 1,t can be described as
Let f Z (z) denote the PDF of Z T t=1 SINR x 1 1,t , and note that SINR x 1 1,t for t = 1, . . . , T , are statistically independent. Hence the Laplace transform of f Z (z) can be shown as
where the second step is obtained by applying the Gaussian-Chebyshev quadrature [13] and
where n t denotes the index of the n-th term of N n=1 C t (a n )e − sβ t (an+1) 2 for a given t [24] , and
Using the inverse Laplace transform to f Z (s) [24] , we have
Therefore, the outage probability of user 1 is given by P 1,T = Pr(Z ≤ γ 1 ) and thus can be approximated by (9) . This completes the proof.
Remark 1 In the high SNR regime, i.e., p 1,t +p 2,t
, the received SINR at user 1 during t-th HARQ-CC round degrades into
In this case, if p 1,t p 2,t ≥ γ 1 , user 1 can successfully decode its information with a probability approaching 1, and thus the outage probability P 1,t → 0.
To further attain more insights of the derived outage probability in (9) , the diversity order of user 1 is given in the following lemma.
Theorem 2
The diversity order of user 1 is equal to the number of retransmissions, i.e., T .
Proof: Firstly, define the diversity order as follow [20] :
Then, by defining ρ 1,t = a 1,t ρ and ρ 2,t = a 2,t ρ, ∀t, the outage probability of user 1 can be rearranged as
where
and C t (a n ) can be rewritten as
The diversity order of user 1 is given by
It can be seen that the diversity order of user 1 is T . This completes the proof.
2) Outage Probability of User 2: The outage probability of user 2 is determined by the joint probability of accumulated SINRs, i.e., t =1 SINR x 1 2, and t =1 SNR x 2 2, , and one cannot attain its closed-form expression [18] . In view of this, we will approximate it in order to derive the outage probability in a closed-form expression. In the high SNR regime, P 2,T can be approximated by
So the outage constraint of user 2 can be conservatively replaced by
Now, the remaining is to explicitly derive the outage probability in (24b). To begin with, by letting X t = p 2,t h 2,t λ 2 and X written as
where f X (x) is the PDF of X, and (a) is due to the fact that X t , t = 1, · · · , T , are statistically independent. Applying the inverse Laplace transform to (25e), we have
where (26d) is obtained based on the Gaver-Stehfest procedure [24] , and w m is the same as that in (17) . Thus the outage probability of user 2 can be given by P 2,T = F X (γ 2 ).
Here we claim the tightness of the approximation by (24b) for a special case of no retransmission, i.e., T = 1, in the following lemma.
, the outage probability of user 2 in (4b) is strictly equal to that in (24b).
Proof: Firstly, we have
Then, recall the outage probability of user 2 when T = 1 and rewrite it as follows:
where (a) is obtained by assuming
, which is the same as the right-hand side of (27) . This indicates that if the power allocation satisfies the left-hand side of (27) , the the outage probability of user 2 in (4b) is strictly equal to that in (24b), i.e., (28c) when T = 1.
This completes the proof.
Lemma 2
The diversity order of user 2 is equal to the number of retransmission rounds, i.e.,
T .
Proof: Similar to that for user 1, we first rewrite the outage probability of user 2 as
where A 2,m,t = mλ 2 σ 2 2 α 2,t ln 2 γ 2
. By letting ρ 2,t = a 2,t ρ and focusing on high SNR, the diversity order of user 2 can be given by
It can be seen that user 1 can achieve the full diversity gain in the HARQ-CC enabled NOMA systems.
On the roles of the derived outage probabilities in (9) and (26d) we have the following remark.
Remark 2 Firstly, with (9) and (26d), the complex outage probabilities characterized in (4) are explicitly approximated with high accuracy. Furthermore, based on the derived outage probabilities, the diversity orders are analyzed and both the users can achieve the full diversity gain. Secondly, in the following sections, we will use (9) and (26d) to optimize the power allocation in order to improve the system performance.
Up to now, the outage probabilities of users are expressed in closed-form as in (9) and (26d).
However, it is still difficult to solve problem (8) , since the outage probability constraints are nonconvex and extremely complicated, especially for user 1. One possible approach to treat such a nonconvex problem is via exhaustive search. By using the exhaustive search method, the transmit power can be discretized into L levels, and one needs to exhaustively search over all the L 2T possible combinations of power allocation to find the one that minimizes the average transmit power. For example, for T = 3 and L = 100, it requires to search over 10 12 possible combinations, which is computationally prohibitive in practice. Thus this approach is viable only when T is small. To resolve this challenge, in the following, a suboptimal solution will be developed by carrying out approximations to problem (8) . Note that the exhaustive search based method will be used in section IV as a benchmark to evaluate the accuracy of the approximationbased algorithm.
C. Adaptive Power Allocation Design
Recall that the outage probability of user 2 can be approximated in the high SNR region and this approximated expression shows good tightness in the low SNR region, as presented in Fig. 4 .
To avoid high computational complexity to directly solve problem (8), we approximate the outage of user 1 in a similar way to that of user 2. Specifically, at high SNR region (recall Remark 1), if the power allocation satisfies p 1,t p 2,t ≥ γ 1 , we can approximately believe that user 1 can decode its information with probability approaching 1 (i.e., P 1,t ≈ 0, ∀t) at each HARQ-CC round, and the retransmission probability in (6a) is degraded intoP t = P 2,t−1 . Note that with the constraint p 1,t p 2,t ≥ γ 1 , ∀t, the requirement of the power allocation in (24a) is automatically satisfied. Then, by inserting the outage probability of P 2,t−1 in (26d), the average power minimization problem can be approximated by
where g m = mλ 2 ln 2 γ 2
. Notice that problem (31) is still nonconvex and complicated due to the outage probabilities of users both in the objective function and the constraint (31b), which are the multiplications of multiple variables. Generally, one can resort to the geometric programming (GP) method to handle such nonconvex problems, e.g., [7] . However, the GP method is not valid to problem (31) since the parameters (w m 's) in the outage probability expression can be negative, i.e., w 2 , w 4 , w 6 , · · · . In what follows, we will show how to use a convex approximation method to solve problem (31) efficiently.
Successive Convex Approximation (SCA) based Algorithm : First, by introducing auxiliary variables u 1 and u 2 , the objective function can be recast as
Then we define 
Note that problem (34) is still non-convex. However, compared to problem (31), the structure of problem (34) allows us to employ the convex approximation method [12] to approximate it by a convex one. As a result, problem (34) can be approximately solved in an iterative manner.
Specifically, in the r-th iteration, at a feasible point x 
which is a convex optimization problem and thus can be efficiently solved by standard convex solvers, e.g., CVX [25] . After solving problem (36), if the gap between the optimal values in two successive iterations is larger than a desired accuracy , one needs to update x with the obtained solutions, and then solve the problem in (r + 1)-th iteration. Finally, the power allocation {p 1,t , p 2,t } can be obtained based on (33). The procedure of the SCA based algorithm is outlined in Algorithm 1, and in fact, we can draw the following proposition. 
Note that, although one can plug the outage probabilities in (9) and (26d) into problem (37), the problem still doesn't have an unified expression as the outage probabilities have different expressions with differentt. Notice that the outage probabilities of users are monotonically decreasing witht. Thus it allows us to efficiently searcht by using the bisection search method [27] . Specifically, for each givent, one only needs to check the feasibility of problem (37). If it is feasible, one needs to decreaset; otherwiset should be increased.
In this Section, we focus on the problems in the two-user case. However, in a practical communication system, there are randomly deployed with multiple users. Thus, it motivates us user 2 user user j i R c R e Fig. 2 . An illustration of user paring in a multi-user HARQ-CC enabled NOMA system. to investigate the system design of the multi-user scenario. In the following section, we will consider the power minimization design in a multi-user NOMA system, and show how the derived results in the two-user case can be extended to the multi-user case.
III. USER PARING AND POWER ALLOCATION IN MULTI-USER CASES
In this section, we consider a more general scenario where a single-antenna BS tries to serve 2K single antenna users, as shown in Fig. 2 . In particular, the users are divided into two groups, denoted as K 1 and K 2 , in terms of their distances to the BS. We assume that the K cell center users (CUs) in K 1 = {1, 2, · · · , K} are randomly distributed within a circle district near to the BS with radius R c and the other K cell edge users (EUs) in
are located in a ring district with inner radius R c and outer radius R e . To benefit the advantage of NOMA, each CU is paired with one EU to perform non-orthogonal transmission. Denote by V = [v i,j ] the user paring matrix, where v ij = 1 denotes that user i in group K 1 and user j in group K 2 are paired to perform NOMA transmission, otherwise v ij = 0. Moreover, we assume that different pairs are allocated with different orthogonal resource blocks, such as orthogonal frequency division multiplexing (OFDM) subcarriers, to avoid inter-pair interference. Similar to (7) , we define P ij,avg as the average transmit power of a potential user pair of use i and user j, which satisfies that
whereP ij,t = P i,t−1 + P j,t−1 − P i,t−1 P j,t−1 denotes the retransmission probability of user i and user j at the t-th retransmission round. Therefore, the average transmit power minimization problem in the multi-user scenario can be formulated as In what follows, we will show how to use matching theory to solve the user paring problem.
A. User Paring with Matching Theory
To use matching theory to solve the user-pairing problem, we first model the user pairing problem as a two-sided one-to-one matching problem, in which each CU from K 1 can match with one EU from K 2 and the users in the same user pair can share the same resource to improve their performance with NOMA transmission. More specifically, we give the the definition of twosided one-to-one matching as below:
Definition 1: (Two-sided One-to-One Matching) Consider CUs and EUs as two disjoint sets, K 1 = {1, 2, · · · , K} and K 2 = {K + 1, K + 2, · · · , 2K}, we call the the matching M(·) between K 1 and K 2 as a two-sided one-to-one matching if the following conditions are satisfied:
3) M(CU i ) = EU j if and only if M(EU j ) = CU i , Constraint 1) implies that each CU is matched with an EU in K 2 and each EU is matched with a CU in K 1 ; Constraint 2) states that each EU can be matched with only one CU and vice versa;
Constraint 3) represents that if CU i is matched with EU j, then EU j should be matched with CU i.
In the proposed matching process, without loss of generality, we assume that the CUs act as proposers and the EUs are selectors. At the beginning of matching, each CU proposes to match with an EU according to its preference list which is built based on the consumed transmit power to satisfy the outage requirements of users by solving the power allocation problem, and can be described as follows:
where the lists are sorted in an increasing order of the consumed power. The preference lists satisfy the condition that the user who can provide the minimum consumed power in the opposite set will be ranked as the first one. This can be described as
for all i, j in K 1 and K 2 respectively. This means that CU i prefers to match with EU j to EU j if the total consumed power of user pair CU i , EU j is less than than that of the user pair CU i , EU j . Similarly, (41b) describes that EU j prefers CU i to CU i if the user pair CU i , EU j consumes less power than the user pair CU i , EU j .
To better handle the minimization of the total transmit power, we introduce the swap operation between two CUs, e.g., CU i and CU i , in K 1 and the corresponding two matched EUs, e.g., M(CU i ) and M(CU i ), in K 2 in the matching process. The swap matching can be defined by
where CU i and CU i switch the matched EUs while keeping other user pairs in the matching scheme invariant. Based on the swap operation, we define the swap-blocking pair as below:
Definition 2: (Swap-Blocking Pair) Given a matching M and two user-pairs CU i , EU j and CU i , EU j . If there exists a swap matching M i i such that the total transmit power of the new user pairs gets a decrease, then the swap operation is approved, and CU i , EU j , CU i , EU j are swap blocking pairs under the matching M i i . Note that the above definition implies that there is a benefit by exchanging the matching of user-pairs CU i , EU j , CU i , EU j and this operation will not hurt the benefit of the other user-pairs. Thus, with this new matching strategy, the total transmit power of the system can be decreased. Based on the above definitions, the matching behaviour of the users can be described as follows. Firstly, every two user-pairs can be arranged by the BS to form a potential swap blocking pair. Then the BS will check whether these two user pairs can get a benefit by exchanging their matches. The users will keep performing approved swap operations until they reach to a stable status, which is also known as two-side exchange stable matching. Its definition is described as below.
Definition 3: (Two-Side Exchange Stable) [31] : If a matching M is not blocked by any swapblocking pair, then M is a two-side exchange stable matching.
In the following subsections, according to the above definitions, we will proposed a swapmatching based algorithm to solve the user paring problem and the performance of the proposed algorithm will be analyzed.
B. Swap Matching based Algorithm Description
In this subsection, we proposed a swap operations enabled matching algorithm for user pairing problem. We first initialize the preference lists for each user according to the power consumption under outage constraints and then design the swap operations enabled matching step to minimize the total transmit power. At the initialization step, as shown in Step 1 of Alg. 2, the set S UNMATCH Algorithm 2 Swap-matching based algorithm for user-pairing 1: Initialize S UNMATCH = {1, 2, · · · , N }, M MATCH = φ and M = φ.
2: Initialize preference lists for CUs and EUs as CU P F (i), i ∈ K 1 and EU P F (j), j ∈ K 2 , respectively.
Initial Matching Phase:
3: for i = 1 to K do 4: Each CU i sends matching request to its most preferred EU j according to CU P F (i).
5:
if EU j has not been matched with any CU then 6: Add user pair CU i , EU j to the existing matching scheme M MATCH . Remove CU i from {S UNMATCH }. CU i will be matched with the unmatched EU j according to CU P F (i). Search the matched pairs to check whether there exists swap-blocking pair. 13: if there is swap blocking pair then 14: Swap the user pair and update the current matching scheme. 15: end if 16: until There is no swap-blocking pair in the matching. is defined to record CUs who have not been matched with any EUs, and can be initialized as S UNMATCH = {CU 1 , CU 2 , · · · , CU N }. We also define the set S MATCH to record the matched CUs and we initialize S MATCH with an empty set before matching process. After the initialization of the matching process, the initial matching operations will conduct to give each CU an EU to form a pair. The main idea of this process is that each CU can propose to the EUs according to the preference lists. The CU will first propose to its most preferred EU. If the EU has not been matched with any CU, these users will be paired together. Otherwise, the CU find another unmatched EU that can provide the minimum transmit power. Finally, all CUs and EUs are paired. Then to further minimize the total transmit power, a swap matching process will be performed. In particular, the BS will iteratively check whether there are swap blocking pairs in the current matching. The matching process will terminate when there is no swap-blocking pair in the current matching.
C. Performance Analysis of Algorithm 2
In this subsection, we discuss the stability, convergence and computational complexity of proposed swap matching based user paring algorithm.
1) Stability and Convergence:
On the stability and convergence of Algorithm 2, we have the following proposition. 
After swap matching , the matching changes from M −1 → M . According to Definition 2, after each swap operation, at least one of the two related user-pairs get a decrease of the transmit power and the power consumption of the other user-pairs keep the same. Therefore, the total transmit power decreases after each swap operation. Notice that the total potential swap-blocking is finite since the number of users is limited, and also the total average power is lower-bounded due to the outage requirements of users. Thus there exists a swap operation * , after which the matching process will terminate and the total average power consumption stops decreasing. So Algorithm 2 can be guaranteed to converge after several iterations. This completes the proof.
2) Computational Complexity: The computational complexity of algorithm 2 is consisted of two parts. One is from the initial-matching phase to give an initial matching to all users, which has a complexity order of O(K). The other is due to the swap-matching operations in the swap-matching phase. For each CU i , there exist K − 1 possible EUs to do swapping, thus the complexity order is given by O(K(K − 1)). Therefore, the total complexity is O(K 2 ). Compared to the optimal strategy using exhaustive search, which has a complexity order of O(K!), the computational complexity of the proposed swap-matching based algorithm is dramatically decreased.
D. Solving Problem (39)
In the above subsections, a swap-matching based algorithm is proposed to solve the user paring problem. As a result, the 2K users are grouped into K user pairs, and thus problem (39) can be decoupled into K subproblems. For each subproblem, it reduces to the power allocation problem with given user pairing. So Algorithm 1 can be adopted to solve the subproblems in a parallel manner and thus problem (39) is solved. In the following section, we will evaluate the performance of the proposed algorithms with numerical simulations.
IV. SIMULATION RESULTS
In this section, simulations are conducted to examine the efficacy of the proposed HARQ-CC enabled NOMA transmission scheme and algorithms. Without loss of generality, in the simulations, we assume the users have the same outage probability requirements, i.e., δ i = δ j = δ, ∀i ∈ K 1 , ∀j ∈ K 2 , the target SNRs of users are given by γ i = 0.2 and γ j = 1, ∀i ∈ K 1 , ∀j ∈ K 2 [15] . The users are assumed to be randomly deployed in a circle region with R c = 4 m and R e = 10 m, and the path loss exponent is set to be α = 2. The noise power is set to be σ 2 1 = σ 2 2 = 0.1. For the initialization in Algorithm 1, we simply set p 
A. Accuracy of the Derived Outage Probability Expressions
We compare the analytical and simulation results of the outage performance in Fig. 3 , where the solid curves are simulation results based on (4a), and the dashed curves are the analytical results based on (9) . It can be seen that (4a) can be tightly approximated by (9) even in the low SNR region and small number of retransmissions. The outage performance of the analytical results of user 2 is given in Fig. 4 , where the solid and dashed curves are simulation results based on (4b) and (24b) respectively, and the dotted curves are the analytical results based on (26d). One can observe that the approximation in (24b) and (26d) are sufficiently tight in the HARQ-CC regime both in low and high SNR regions. It can be seen that the outage probability characterized by (24b) is almost the same as that by (4b) even in the low SNR region. Moreover the outage probability in (24b) can be conservatively approximated by the analysis expression in (26d).
B. Performance Evaluation for Two-User Case
To evaluate the performance of the proposed HARQ-CC enabled NOMA transmission scheme and the proposed adaptive power allocation (APA) scheme in Algorithm 1, three different schemes are considered as benchmarks and their rationales are described as follows:
• NOMA with Exhaustive Search: it yields the optimal performance by exhaustively search over all possible power allocation combinations of problem (8) with the derived outage probabilities of (9) and (26d). The accuracy of the solutions can be adjusted when searching the transmit power and should be coincide with the other transmission schemes.
• NOMA with Equal Power Allocation (EPA): the two users are scheduled by using NOMA and the transmit power in different retransmission rounds are equal.
• OMA with FDMA: the whole frequent bandwidth are divided into two equal parts and allocated to the two users individually.
To verify the relationship between the total average transmit power and the outage requirements of users, Fig. 5 simulates the total average transmit power with different δ's under different maximum transmission rounds. It can be seen that the NOMA scheme can outperform the EPA and FDMA schemes under different δ and T . One can also observe that the performance of the proposed approximation approach and the successive approximation based algorithm is closed to the optimal performance attained by the exhaustive search approach. Moreover, it can also be seen that the average transmit power decreases with the increase of the tolerable outage probability (less strict outage requirements) of users, which indicates that retransmission would bring more performance improvement when users have more strict outage requirements. Furthermore, the power consumption gap between the equal power allocation scheme and the optimal one decreases with an increase of the tolerable outage probability, implying that it is more efficient to use more sophisticated when users have more strict outage requirements.
In Fig. 6 , the relationship between the total average transmit power and the maximum retransmission round is investigated, and the EPA scheme is used as the benchmark. From Fig. 5 , one can observe that the transmit power decreases with the increase of T , and the gap between APA and EPA schemes decreases with the increase of T . We can also observe that when the users have strict outage requirements e.g., δ = 0.01, the total transmit power decreases quickly as increasing T .
C. Performance Evaluation for Multi-User Case
In this subsection, the performance of the proposed matching algorithm is examined, and the scheme by searching all the possible user-paring combinations will be served as the benchmark.
In Fig. 7 , the performance of the matching algorithm is simulated with different number of users in the system by averaging 100 user location realizations. From Fig. 7 , we can observe that when the numbers of users is small, e.g., 4, the performance of the matching based algorithm is very close to the optimal performance by the exhaustive search scheme for different outage requirements; otherwise, the the matching algorithm will get a performance loss. But it is insignificant, as for example, when K = 12, the performance loss is only 0.9% for δ = 0.01 and 2.6% for δ = 0.1. This can be seen in Fig. 8 more clearly where the performance of the proposed matching scheme under different outage requirements is also investigated. From Fig. 8 , we can see that for different outage requirements the matching scheme can always achieve the near-optimality performance, comparing with the optimal exhaustive search based algorithm.
V. CONCLUSIONS
In this paper, we have considered the adaptive power allocation problems in HARQ-CC enabled NOMA systems subject to the outage probability constraints of users. In particular, we have carefully derived the outage probabilities of the users to transform the original problem into an explicit one. Furthermore, by properly approximating the formulated problem, a successive approximation based algorithm was proposed to iteratively solve the problem. As a more practical scenario, the multi-user scenario was also investigated. The corresponding total average power minimization problem is boiled down to the joint design of user-paring and power allocation problem. With the aid of matching theory, a suboptimal but with highquality solution and low computational complexity algorithm has been presented to first solve the user-paring problem. Then it was shown that the remaining power allocation problem could be solved by the successive approximation based algorithm. The simulation results have shown that the proposed approximation approach and the successive approximation based algorithm could achieve the near-optimal performance. In addition, the proposed adaptive power allocation scheme can significantly outperform the equal power allocation scheme when users have strictly outage requirements. Also, the matching based algorithm has been shown to have good accuracy compared with the optimal exhaustive searching method.
